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Abstract

The nuclear norm and Schatten-p quasi-norm are popular rank proxies in low-rank matrix
recovery. However, computing the nuclear norm or Schatten-p quasi-norm of a tensor is
hard in both theory and practice, hindering their application to low-rank tensor completion
(LRTC) and tensor robust principal component analysis (TRPCA). In this paper, we propose
a new class of tensor rank regularizers based on the Euclidean norms of the CP component
vectors of a tensor and show that these regularizers are monotonic transformations of tensor
Schatten-p quasi-norm. This connection enables us to minimize the Schatten-p quasi-norm in
LRTC and TRPCA implicitly via the component vectors. The method scales to big tensors
and provides an arbitrarily sharper rank proxy for low-rank tensor recovery compared to the
nuclear norm. On the other hand, we study the generalization abilities of LRTC with the
Schatten-p quasi-norm regularizer and LRTC with the proposed regularizers. The theorems
show that a relatively sharper regularizer leads to a tighter error bound, which is consistent
with our numerical results. Particularly, we prove that for LRTC with Schatten-p quasi-
norm regularizer on d-order tensors, p = 1/d is always better than any p > 1/d in terms of
the generalization ability. We also provide a recovery error bound to verify the usefulness
of small p in the Schatten-p quasi-norm for TRPCA. Numerical results on synthetic data
and real data demonstrate the effectiveness of the regularization methods and theorems.

1 Introduction

Low-rank tensor completion (LRTC) (Gandy et all, 20i; Acar et all, PO, Liuefall, 2002; Romera-Pareded
& Ponfil, POT3; Kressner ef all, 2014; [Yuan & Ahang, 2016; Cheng et al], 2016; Zhou ef~all, 2017; Lacroix
ef-all, DOIR; Ghadermarzy et al 2019; Lin & Moifral, 2020, Wlmalawmhp & Mamitsukal, 2071; [Yang et all,

A
pOZ1; Eaxn, PO27), as a high—order generalization of low-rank matrix completion (LRMC) (Candeés & Rechf],
2009; Hardf, 2014, Fan & Chowl, 2017), aims to recover the missing entries of a low-rank tensor. One may
organize LRTC methods into different categories according to the types of decomposition model, e.g., CP
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(CANDECOMP/PARAFAC) decomposition based LRTC (Acar_ef all, 20il; Tain-& OH, 2014; Zhao et all,
pO1s; Cin & Moitra, 2020), Tucker decomposition bassed LRTC (Xu ef-all, PO13; Xu & Yin, 2013; Kasai &
Mishra, POTR; Xie_ef all, POTS; Kong et all, 201R), and tensor ring based LRTC (Yuan_ef-all, 2019). This
paper will focus on CP decomposition based LRTC.

It is known that the tensor nuclear norm is hard to compute in practice. One has to consider other tractable
solutions such as learning a CP model directly from incomplete data (Acar_eft all, 20IT; Tain"& OH, 2OT4).
Uain & OH (2014) proved that an n x n x n tensor of rank 7 can be recovered from O(n3/%r°log*(n))
randomly sampled entries, via alternating minimization. Barak & Maoifra (2006), Pofechin & Stenrer (P017),
and [Eoster & Risteski (2019) used the sum-of-squares hierarchy as a tractable relaxation to the tensor nuclear
norm. For 3rd-order tensor completion, (2013) used the sum of squared Frobenius norms
as a regularizer and showed that it is related to the £5,3 norm of the weights in CP decomposition.
Bf_all (2016) applied group-sparse regularization to LRTC and showed that the regularizer is related to the
{13 norm. Shief all (2017) proposed to directly minimize the ¢; norm of the weights in CP decomposition
for LRTC. The regularizers presented in the above three works are closely related to the tensor Schatten-p
(quasi) norm with p = 1, 2/3, or 1/3. Notice that these works (Bazerque et all, 2I13; [Yang et all, 2OI6;
Shi“ef all, 2017) are purely empirical-motivated and have no theoretical guarantee on the tensor completion
performance. Moreover, the regularizations are limited in the discrete values {1,2/3,1/3} and only for 3rd-
order tensors. One may expect to exploit Schatten-p quasi-norm with arbitrary p on arbitrary-order tensor
and have theoretical guarantees for the recovery.

Besides LRTC, tensor robust principal component analysis (TRPCA) is another important problem of tensor
recovery. TRPCA is a generalization of robust PCA (Dela Torre & BlacK, 2000; Ding et all, 2006; Candes
bf-all, 2011; Haeffele & Vidal, P019; Fan"& Chowl, 2020) and aims to decompose a noisy tensor to the sum of
a low-rank tensor and a sparse tensor. Many recent works on TRPCA can be found in (Anandkumar ef all,
puie; Cntef all, P06, Xieef-all, POTR; Goldfarb & Qinl, PUT4; Zheng et all, 2009, L ef all) 201T9; Wang et all,
p020). For example, Enefall (2009) defined a new tensor nuclear norm based on the t-product (Kilmer &
Marfin, 2017) of tensors and provided sufficient conditions for exact recovery. Notice that these TRPCA
algorithms have high computational costs on large-scale data. One approach to reducing the computational
costs is using low-rank factorization, which, however, requires the estimation of rank.

In this paper, we focus on fast and accurate LRTC and TRPCA. Our contributions are two-fold:

o We propose a new class of regularizers as a tensor rank proxy for tensors of arbitrary order. These are
based on the Euclidean norms of the component vectors in the form of CP decomposition. We show
that the regularizers are monotonic transformations of Schatten-p quasi-norms, where p could be any
positive value. We also provide asymmetric variational forms for the tensor Schatten-p quasi-norm
with discrete p. When applying the regularizers to LRTC and TRPCA, empirically, the recovery
performance is robust to the choice of initial rank and the recovery accuracy is high when p is much
less than 1.

¢ We provide generalization error bounds for LRTC with Schatten-p quasi-norm regularization and
LRTC with our regularizers. We show that a smaller p (but not too small) in the tensor Schatten-p
quasi-norm or a smaller ¢ in the proposed regularizers leads to a tighter generalization error bound.
More importantly, our theory indicates that for LRTC on d-order tensors, p = 1/d is always better
than any p > 1/d in terms of the generalization error bound. Note that our bounds are also applicable
to 2-order tensors. In other words, our bound works for LRMC. We also provide a recovery error
bound for TRPCA with Schatten-p quasi-norm regularization, which verifies the usefulness of small
p in TRPCA.

The experiments of LRTC and TRPCA on synthetic data, image inpainting, and image denoising demon-
strate the effectiveness of the proposed regularization methods in comparison to a few baselines. Moreover,
the numerical results related to the Schatten-p quasi-norm or the proposed regularizers are consistent with
the error bounds in our theorems.
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2 Euclidean Norm Regularization (ENR) for Tensor Rank

First of all, recall the following definitions in terms of the CP decomposition.

Definition 1. Let wl(-j) € RW> i€ [r], j €[d. The rank of a tensor X € R™*"2-Xna s defined as the
minimum number of rank-one tensors that sum to X :

rank(X) min{reN: Xngl)omEQ)...omgd)}.

i=1

Definition 2. The nuclear norm (Friedland ¥ Lin, 2UI8) of a tensor X is defined as
|1 %] = inf {Z il &= siuM 0wl oul® lui?| =1, re N} .
i=1 i=1

Definition B shows that the tensor nuclear norm is a convex relaxation of tensor rank. However, both the
the tensor rank and tensor nuclear norm are NP-hard to compute (Friedland & Tim, 201R). Similarly, we
may define a tensor Schatten-p quasi-norm that extends matrix Schatten-p quasi-norm. The p-th power of
the tensor Schatten-p quasi-norm is a nonconvex relaxation of tensor rank.

Definition 3. The Schatten-p quasi-norm (0 < p < 1) of a tensor X is defined as
r 1/p r
[X]s, = inf <Z |5i|p> X = Zsiugl) ou? . ou® Ju?| =1, reN 0<p<1
i=1 i=1

For convenience, we make the following definition.

Definition 4. Let d,k € N and given a set of vectors {:1r:(])}JE Define CP () = PO aMox® ..o
e

Note that CPk( G )) is just a shorthand for the sum of the k outer products of d vectors. We provide the
following variational form of the tensor Schatten-p (quasi) norm (p > 0):

Theorem 1 (Symmetric Regularizer™). The tensor Schatten-q/d (quasi) norm for any real positive q and
positive integer d (tensor order) can be represented as a function of the Euclidean norms of the CP compo-

nents:
d (:
127, = y LSS e

@7)
d(]) =1 j5=1

Note that in the theorem k > rank(X) is assumed implicitly via the constraint X = CP%(:BEJ )). Com-
pared to the definition (Definition B) of the tensor Schatten-p quasi-norm, ||X||s, given by Theorem
internalizes the weight factors s into the vectors w and removes the unit-norm constraints on w. This
reduces decision variables and the computational cost of calculating the gradient in optimization. In ad-
dition, for some choice of p, there are no nonsmooth functions on the factors in Theorem M, while there
are always nonsmooth functions in Definition B. Hence, the formulation of Schatten-p quasi-norm in The-
orem [ is more tractable than that in Definition B. For instance, in Theorem I, letting q=d, 2,or 1, we
have [l = inEy_epgony 43y Sy 219 1R, = inby_epgon) 43 S0 22 o

HX”lS/jd =infy_cpi@i)
functions of Euclidean norms of component vectors, and hence are possibly easier to handle in optimization.

k d j .
DD =1 ||ac§J ]I, respectively. These three special cases are based on convex

Tt is worth mentioning that the Theorem 2 of (Cheng et all, PIIH) and the Proposition 1 of (Lacraix et all, PIIIR) are two
special cases of our Theorem I (when p =1 and d = 3 or p = 2/3 and d = 3). The earliest works exploring the p = 2/3 and
p = 1/3 regularizers are (Bazerque et all, PZ013) and ([Yang et all, PTH) respectively.
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According to Theorem [, for a relatively low-order tensor, when we want to obtain a sharp enough regularizer,
we have to use a sufficiently small p for all ¢ and j. Thus, every term in {||z; @) ||pd}f§ Z]
nonsmooth, making it difficult to solve the optimization problem of low-rank tensor recovery. The following
theorem provides a class of asymmetric regularizers that have fewer nonconvex and nonsmooth terms than

those in Theorem .

can be nonconvex and

Theorem 2 (Asymmetric Regularizer). Suppose q¢ € {1,1/2,1/3,1/4,...}. Let p1 = q/(1 + qd — q) and
p2 =2q/(24 qd — q). We have

k
P 1) (@)
(o) 115, = f Z( o9+ 3" I I):
CPe(x =1 =
- 20 (7
() | X)%, = inf Clal I+ X 12017).
%2 x_epi@) ; ;

In Theorem B (b), the terms of j > 2 are convex and smooth while those in Theorem B (a) are convex
but nonsmooth. Therefore, the optimization related to Theorem B (b) is easier. Since 3rd-order tensors
(e.g. color images and videos) are more prevalent than tensors with other orders, we list their symmetric
and asymmetric regularizers with only convex terms in Table M for convenience. Note that the last two
regularizers in the table are not from Theorem B. The derivations are in Appendix [D=3.

Table 1: Regularizers (R(X)) given by the sum of only convex terms for 3rd-order tensor (X = CP}(x)).

R(X)) Characterization based on Euclidean norm | values of ¢, p1, ps in Theorems I and 2
£l [ 3 (eI + e + e i) =3 (Theorem 1)
SIS | 5 (1P + 21 + )P g =2 (Theorem I)

1/3 k 1 2 3

& ||X||s{ | B (=Pl + =)+ ) g =1 (Theorem I)
£ 122, | 22 (=12 + 1212 + 27) ¢ =1, p> = 1/2 (Theorem B)
[} P
E | I, | 2 o (e + 1+ 1) derived from Appendix I3
> 1/7 . .
g ||.9('||:;/377 B Zle (||93§1)||3 + ||w§2)|| + ||$§3)||) derived from Appendix O3

In sum, the regularizers we proposed in this section cover all Schatten-p (quasi) norms with any 0 < p <1
for any-order tensors. Some of the regularizers, especially those asymmetric ones, are based on convex
or/and smooth functions of the tensor factors, which are convenient for application and optimization. These
regularizers can be applied to LRTC and TRPCA that enjoy a variety of real applications in machine learning
and computer vision.

The tensor regularizers we presented in this paper are closely related to the variational forms of matrix
nuclear norm and Schatten-p quasi-norms (Shang et all, DUI6; 2017; Fan_ef-all, 2019; Giampouras et all,
2020). For instance, the squared sum of Frobenius norms of two factors of a matrix is lower bounded by
the nuclear norm of the matrix, which is a special case of our Theorem 0 with d = 2 and p = 1. In (Ean
efall, 2019), the authors provided a class of SVD-free variational forms of the matrix Schatten-p quasi-norm
with discrete p that can be arbitrarily small. Our tensor regularizers can be regarded as a generalization
of the variational form of Schatten-p quasi-norm from matrix to tensor. For example, in Theorem 0, when
d =2 and p = 1/2, the regularizer is equivalent to the FGSR-1/2 regularizer of (Fan_ef all, 20T9), which is
related to the Schatten-1/2 quasi-norm of matrix. In Theorem B(b), when d = 2 and g = 1, the regularizer is
equivalent to the FGSR-2/3 regularizer of (Fan'ef’all, 2019), which is related to the Schatten-2/3 quasi-norm
of matrix. Nevertheless, theoretical guarantees about these tensor regularizers in low-rank tensor recovery
are more difficult to derive than their matrix counterparts.
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3 Low-Rank Tensor Completion with ENR

3.1 LRTC-ENR algorithm

Let X* € R"1*"2:-X"d he g rank-r tensor. Suppose we observed a few noisy entries of X* randomly (without
replacement):

(D] = [X 5 du + N jidogas (G105 da) €Q

where ) consists of the locations of the observed entries and each entry of the noise tensor N* is drawn
from N(0,02). To recover X* from D, one may solve

Jij2---Ja

1
minimize = [Pa (D — X) [} + A X%, (1)

where [Po(W)ljijo-ja = Vjrjo--ja if (G1,-.-57a) € Q and [Pa(P)]j,j,ja = 0 otherwise. The solution of
(I) is an estimate of X*. However, Problem (I) is intractable because the computation of the Schatten-p
quasi-norm is NP-hard. Instead, based on the analysis in Section B, assuming k > r, we propose to solve

ml{nlmlze - HPQ (’D CPd (J )H + AR ({mu }) (2)

where R ({:cf] )}) denotes a certain regularizer in Theorem IO, Theorem B, or Table I, e.g.,

k d
R (12}) = gzz a7 = - Z 1X9]3,, 3)

where X () = [azgj .. .,a:g )]. Similarly, the regularizers in Theorem B (a) and (b) can be formulated as
pl(%HX(l)Hg,q —&-2522 [ X@)]|51) and pg(%”X(l) 15,4 +Ej:2 | X 4)||2,) respectively. Note that even finding a
stationary point of (W) is hard due to the computation of the Schatten-p quasi-norm while finding a stationary
point of (2) is computationally feasible. For convenience, we call problem () Low-Rank Tensor Completion
with Euclidean Norm Regularization (LRTC-ENR). LRTC-ENR is an LRTC framework that covers all
the regularizers presented in Theorem 0, Theorem B, and Table 0, where the p = 1,2/3,1/3 regularizers for
3rd-order tensors studied by (Bazerque et all, 20T3; Cheng et all, 2016; [Yang et all, 2016; Shi_efall, 2OLT;
Lacroix_ef all, DOIR) are special cases.

We propose to solve (B) by Block Coordinate Descent (BCD) with Extrapolation (BCDE for short) (X
8_Yin, 2013), which is usually more efficient than BCD alone in practice. The decision variables can be
organized into d blocks (d matrices, i.e., X @D, j=1,... ,d). Then we need to iteratively solve d subproblems
related to the ¢, norm minimization. When ¢ < 1, we integrate BCDE with iteratively reweighted method
(Cxi, 201d). If we use the symmetric regularizers given by Theorem 0 with ¢ < 1, we need to solve d
nonsmooth subproblems (related to | X ) ||a,, j = 1,...,d) in every iteration and when ¢ < 1 we need to
perform the iteratively reweighted method for || X (/) ll2,4» 7 =1,...,d. In contrast, if we use the asymmetric
regularizers given by Theorem B (b), the number of nonsmooth subproblems (related to || X ()5 ,) is reduced
to 1 and when ¢ < 1 we only need to perform iteratively reweighted method for || X (1)||27q. Therefore, the
optimization related to the asymmetric regularizers is more efficient than that related to the symmetric
regularizers for the same problem.

We may also use quasi-Newton methods such as L-BFGS (Lin_& Nocedal, [989) to solve problem () even
when the objective function is nonsmooth. The details of the optimization for (&) are in Appendix Al

It is worth mentioning that according to Definition B, one may consider the following LRTC problem
1 5 (1) ’
H?{I:?m}usz,e 2 HPQ (D Pl 8)> F A ; il (LRTC-Schatten-p)

subject to ||:c§])|\ =1,Vie [k],j €[d].
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where (ﬁz ({ng)}, s) = Zle siwgl) sz@) . .omgd). Nevertheless, it is more difficult to solve CRTC=Schaffend
p than LRTC-ENR due to the following reasons. First, LRITC-Schatten-7 has one more block of variables
s, of which the gradient computation is costly (it requires evaluating every rank-one component of X).
Second, constrained optimization [LRTTC-Schatfen-g is generally harder than unconstrained optimization.
Heuristically, we suggest using BCDE with iteratively reweighted minimization embedded to solve LRTTCA
Bchaften-g. It is compared with LRTC-ENR in Figure B of Section 51

3.2 Generalization Error Bound of LRTC

In this section, we study the generalization error bounds of LRTC-Schatten-p and LRTC-ENR. The gener-
alization error of tensor completion is defined as the difference between the prediction error for all entries
and the training error for the observed entries, i.e.,

GErc :=E(D,X,[n] x -+ x [n]) — E(D, X,Q).

In this study, we let £(D, X, [n] x---x [n]) = \/%d”'D—XHF and £(D, X,Q) = ﬁHPQ(’D—X)HF, though

their squares can also be used. It should be pointed out that, compared to LRMC, it is much more difficult
to analyze the generalization ability of LRTC. The main reason is that we may not have orthogonal factors in
a CP decomposition. Thus, we first consider the case of orthogonal CP decomposition. We will also provide
generalization error bounds for the general cases (without the restriction of orthogonality).

Without loss of generality, we consider the case of hyper-cubic tensors, denoted by X € R™**. For conve-
nience, we define the following two tensor sets.

Definition 5 (Orthogonal CP tensor sets). Let Sjm be the set of hyper-cubic tensors with orthogonal CP

factors. Denote the Schatten-p quasi-norm of X € Sjjn by HX”S}J;. Let S7

ool
anp be the set of tensors in Sz,

and with bounded (by 1) Schatten-p quasi norm. To be more precise,
r T N

(a) St = {X eR™ A=) swlVou? ouVjeldu u) =1ifi=lu u? =0ifi# z},
i=1

(b) Sty i= (X €St XI5y < ).

We have the following covering number result.

Theorem 3. The covering numbers (denoted by N') of Sj:n’p with respect to the Frobenius norm satisfy

1 1 =
logN(Sj:n,p’ |17, e) < <2 + p>nd (log(d + 1)) <thp> )

where ¢ > 0 is a universal constant and 0 < p < 2.

Note that although Theorem B does not include the case p = 2, it is much easier to obtain the covering
number of Sj:n,% which will not be detailed in this paper because || X||gs is useless in regularizing the tensor
rank.

Based on Theorem B, we derive the following generalization error bound for the Schatten-p quasi-norm
regularized orthogonal tensor completion (minimize ¢ s. 5I1Pa (D — X) |5 + A X|1%L).
b

Theorem 4. Suppose D € R"™* X ¢ S max{[|Dlloc, [ Xoc} < €, and 0 < p < 2. Then there exists a

numerical constant ¢ such that with probability at least 1 — 2n~<,

n’

1/4

! 1 (L + yndlog(d+1) [ X]s: )7
—|D - X — ——||Pa(D - X < ce p L

evdn



Published in Transactions on Machine Learning Research (01/2023)

In the theorem, since ||X||Sp¢/(5\/ dn) > 1, the bound is a U-shape function of p when 0 < p < 2. Therefore,

there exists a threshold p = argming_,,(1/2 + 1/p)(||X||S;/(5\/(%))2p/(2—p) such that when p < p < 2,
a smaller p will lead to a tighter error bound. However, it is difficult to obtain p analytically. Here we
use a toy example to illustrate the result of Theorem H. According to Definition B, we generate s as

=[2,1.97,1.8",...,0.2,0.1] and normalize it by s < s/, s;. We choose v from {0.1,1,5, 10, 20,50}
and generate six different s. We see that a larger v leads to a higher decay rate of the element of s. We
use these six s together with three random orthogonal matrices U of size 100 x 20 to form six low-rank
tensors of size 100 x 100 x 100 and rank 20. These six tensors have different "low-rankness" because of
the different v. For instance, the tensor corresponding to v = 50 can be well approximated by a rank-4
tensor, where the relative error is less than 0.01%. We let |Q2] = 0.1n® and compute ((3 + 1)nd log(d +

1IQ|~ 1(||X||5L/(5\/7)) )1/4 £ A for each tensor. The six s and average A (corresponding to each s) of
100 repeated frials are shown in Figure M. We see that in each case, a smaller p but not too small will lead
to a smaller A. When the decay rate is higher, the approximate rank is lower, which leads to a smaller A.
On the other hand, when the decay rate is lower, reducing p is more useful for reducing the error bound A.

(a) distribution of s (b) A given by different p

20 I 2
decay rate 1 decay rate 1
decay rate 2 decay rate 2
15 decay rate 3 decay rate 3
decay rate 4 15 decay rate 4
decay rate 5 : decay rate 5
«» decay rate 6 decay rate 6
[S)
o 10 <
2
S |
/ 1
5 o
m— f— 05F
0 | — . N
0 5 10 15 20 0 0.5 1 1.5
index of s p

Figure 1: An intuitive example of the error bound of Theorem @. The decay rates 1, ...
v =0.1,...,50 respectively.

,6 correspond to

(Sl o)

Now we study the generalization error of LRTC-ENR (). For convenience, let || X ) ||s,, :=
and define

Shng={X eR" 0 X =CPL@D); | XD |2y <, IX Doy < 5, j € [d]], (5)

where XU) = [z 2§ 29]. We have

Theorem 5. The covering numbers of S[’f’n’q with respect to the Frobenius norm satisfy

d )
n+log (ek)) doag
log N (S g0 | - 1, €) < 25 ( ) !

j=1
for any 0 < ¢ <2, and

®( dsald
log./\/(S;n’q, |- |lr,e) < dnka—1/q log(2nk) Z 7%:
j=1 J

for any q > 2, where ¢ = H;l:l v; and ¢, ¢ are universal constants.

Based on Theorem B, we have the following generalization error bound for LRTC-ENR (B) with R({mz(-j )}) =
k d @) yq
Diz1 Ej:l [l (|-
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p _
Theorem 6. Suppose D € R"*"| X € Sg’n’q, ¢ = szl v;, and max{||D| s, | X]||c} < €. Denote Q the
(I21+[2])°

index set of the missing entries of D, suppose |Q| > |Q|, and let k = Bk

Then with probability at

least 1 — & over the random partition Q and Q, we have

1
~[IPo(D — X)|% < |Q|||7’Q(D X)||% +€*(Br + Bs)

1€
d d
where By = Ln, + 12 " log1 and

V1919 V 1©l1€]

C1K dpal?) : .

nk2(a—1/alog(2nk) Z —< ) log |9 ifqg>1
Br — |Q| Vi
2

cak [ (n+log(ek))(2 — q)? 4 dpald )

== X Q =5 1

[ 2oz o=\ e CloE p0<g<

with constants c1 and cs.

We see that in Theorem B, the bound is not continuous around ¢ = 1. In the theorem when 0 < ¢ < 1, the
bound is a U-shape function of ¢. It indicates that a smaller ¢ but not too small leads to a tighter error bound
and for a smaller |Q| reducing the value of ¢ becomes more useful. We show an intuitive example in Figure
2 to illustrate the role of ¢ and || in the error bound of Theorem B. In the example, we use d = 3, n = 100,

and k = 20 to generate synthetic random tensors X = El 1T, @) 4 :BEQ) -e-0 scgg), where :I;gl), e ,:EES) are
drawn from Gaussian distribution and ||sci1)|| == ||:13i3) || = d;. We consider six different decay rates for
01,...,090 corresponding to different levels of low-rankness. In general, a larger decay rate means an easier

tensor recovery problem. We let p = IQ' and

d )
A_ L | (n+log(eh)(2—q)? <d¢a ) i, ©)

- _ 2
€] q(2 —2q) =

where 0 < ¢ < 1. In the sub-figures (b,c,d), we see that a smaller ¢ but not too small provides a tighter error
bound. When the decay rate is smaller, reducing the value of ¢ becomes more useful, which is consistent
with the result of Figure M. In addition, when p is smaller, namely the problem is harder, reducing the value
of ¢ becomes much more effective.

(a) distribution of § (b) A given by different g (p=0.1) (c) A given by different g (p=0.02)

20 (d) A given by different g (p=0.01)

0.4

0.4

decay rate 1 decay rate 1
decay rate 2 0.35 decay rate 2 0.35 0.35
decay rate 3 decay rate 3
" decay rate 4 03 decay rate 4 03 0.3
decay rate 5 0.25 decay rate 5 0.25 025
decay rate 6 decay rate 6
<10 < 02 < 0.2 < 02
/ decay rate 1 decay rate 1
‘ 0.15 0.15 decay rate 2 0.15 decay rate 2
decay rate 3 decay rate 3
5 0.1 0.1 0.1
decay rate 4 decay rate 4
0.05 0.05 decay rate 5 0.05 decay rate 5
7‘ pa decay rate 6 decay rate 6
0 - —— 0 0 0
0 5 10 15 20 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
i a q q

Figure 2: An intuitive exxample for the error bound of Theorem B.

Based on Theorem B, we can obtain the generalization error bound for (), which is shown in the following
corollary.
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Corollary 1. Suppose D € R"™, X € R"™", max{|| Do, [| X[} < e, [X||s, is attained at X =
CPY (zcg])), and max;e (g [| X9 |op < 7. Denote Q) the index set of the missing entries of D, suppose |Q| > |1},

S 2
and let k = % Then with probability at least 1 — & over the random sampling of 2, we have
SPa(D — X)|3 <o Pa(D ~ )} + < (Br + By)
Q| Q F =1Q Q FTE(DR 5
44n? nd 1
where By = ——— + 12 — log = and
VI8 e o
RN
% nk2d=1/pdlog(2nk)d (£ ) | 2|3, 10g 0] ifp>1/d
Br =
care [ (n + log(ek))(2 — pd)? dmi—1) 24/ (2=pd) 2p/(2—pd) | (y| 2=2L .
— X Q|3-2pd 0 1/d
a o () |12/ 0 Fo<p<1/

with constants c1 and cs.

In Corollary M as well as Theorem B, the error bounds are for I%l\ |Pa(D — X)||% and are almost linear with

ﬁ. In contrast, in Theorem B, the error bound is for \/%dH’D — X||F and is linear with (ﬁ)l/ll. Therefore,
the bounds of Corollary M and Theorem B are tighter than that of Theorem B, however, at a price of breaking
the continuity at ¢ =1 or p =1/d.

Consider the terms related to p in Bg of Corollary I with p > 1/d, i.e., k2(pd_1)/pd||X||éi,d £ 7. Let
1/d < py < p1. Using the power-mean inequality?, we have k—1/P2 1X]s,, < E—1/p [X]|s,, - It follows that
Tpy = k2(p2d’1)/p2d||?('||§i;i < k2(p2d’1)/p2d(k1/p2’1/p1)2/d||X||§i(f = Tp,, where the equality holds if and only
if sy = s9 = ... = s, (it will not happen in practice almost surely). Therefore, when 1/d < ps < py, the error
bound given by p; is always tighter than that given by p;. This provides a rule of thumb for real applications

that p should be at most 1/d. Together with the result of Corollary O for 0 < p < 1/d, we suggest using
p=1/2d.

Comparison with previous work [Rarak & Moifra (2000), Fosfer & Risfeski (2009) and Wimalawarnéd
& Mamitsuka (2021) have also studied the generalization error of CP based tensor completion. Their bounds
are based on the nuclear norm (or Schatten-1 norm equivalently). We compare their bounds with our bound
in Corollary @, in terms of third-order tensor with unit nuclear norm and r rank. The generalization error
bound given by (Barak & Maifra, 2016) scales as O (rn/2log® n/|Q2|). Foster & Risteski (2019) provided an
empirical risk bound for orthogonal tensor completion that scales as O(r?n®/2log® n/|Q|). The generalization
error bound (Theorem 1(b)) given by (Wimalawarne & Mamitsikal, 2021) is O(rn3/2smay/|Q|), where 1/r <
Smax < 1. In our Corollary @, let d = 3, p = 1, k = r, ¥ = 1, and ||X||s, = 1, our bound becomes

O(r?y/nlog(2nr)log |Q2|/]©2]). We see our bound is tighter than all others if ry/log(2nr)log || < nsmax.

4 Tensor Robust PCA with ENR

4.1 TRPCA-ENR algorithm

Let X* € RmM*n2XXnd he g rank-r tensor. Suppose X is corrupted as

D=X"+N*+&, (7)

1 1
2For any z1,22,...,2n > 0, if co > a > f > 0, we have (%Zn z"‘) x> (lzn z’B)ﬁ with equality if and only if

=171 n i=1"1
21 =22 =...=2Zn.
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where N is a dense noise tensor drawn from N'(0,0%) and £* is a sparse noise tensor with randomly
distributed nonzero entries. To recover X* from D, we wish to solve

.1 2 P
mlf}(lfglzeiﬂp =X =&y + A Xg, + Al €], (8)

but the problem is intractable. Then, based on the analysis in Section B, we propose to solve

2
|
minimize —

©) 9
ninimize 5 + R ({20)) + A€l (9)

F

k
D—ngl)oxl(.z)...oxgd)—é'
i=1

where ). is a penalty parameter for the sparse tensor £. For convenience, we call () TRPCA-ENR.
Similar to LRTC-ENR, TRPCA-ENR is a TRPCA framework that covers all the regularizers presented in
Theorem M, Theorem B, and Table O, where the p = 1,2/3,1/3 regularizers for 3rd-order tensors studied
by (Bazerque et all, P0T3; Cheng et all, 20I6; [Yang et all, P16, Shi_ef all, POT7; Lacroix_ef all, ZOIR) are
special cases. Regarding problem (H), we proposed to update the d + 1 blocks of decision variables (i.e. €
and X () = [ng ), . ,ac,(cj )], j=1,...,d) alternately. Namely, we need to iteratively solve d + 1 subproblems
related to the ¢, (0 < ¢ < 2) norm minimization. Similar to LRTC-ENR, we use the iteratively reweighted
method (Lu, 2014) to solve the subproblems associated with ¢ < 1. Particularly, if we use the symmetric
regularizers given by Theorem [, when ¢ = 2, we use alternating minimization to solve (8) because every
subproblem has a closed-form solution; when ¢ < 1, there are d subproblems having no closed-form solution.
If we use the asymmetric regularizers given by Theorem B (b), there is only one subproblem having no
closed-form solution and hence we propose to solve (8) by the (nonconvex) alternating direction method
of multipliers (ADMM) (Wang et all, 2005). We see that the asymmetric regularizers lead to much easier
optimization problems than the symmetric counterparts do. The optimization for (8) is detailed in Appendix
B.

4.2 Recovery Error Bound of TRPCA

Currently, it is difficult to provide recovery guarantees for problem (8) and problem (H) because of the non-
convexity and non-smoothness. Instead, we consider the following constrained orthogonal tensor recovery
problem

minimize |D — X — £|%
XxXeSy €
’ (10)

subject to HX||§; < RP, H€||§, <R,

where p,p’ € (0,1], the orthogonal CP tensor set Sj:n was defined by Definition B, and the observed tensor
D was generated by (@) with ny = ng--- = ng = n. In terms of the regularization on &, problem (IM) is
more general than (8) and (H) because here we consider the ¢, regularizer. However, compared to (8) and
(8), we have to consider the orthogonal tensor set for simplicity. We provide the following bound of recovery
€error.

Theorem 7. Let p,p’ € (0,1], [|X™||. < R?, and ||S*HZ: < R?". Suppose X, & is the optimal solution of
() and max (|| X*||oo, || X ||lso) < . Then with probability at least 1 — 4n~9,

| — X% + |1€° — €%
2-p 2-p"
<(24 +16V2) <(2\/§0\/dn log(5d) + dlog(n)) R + <2a + 20\/d10g(n)) R? > .

In this theorem, for convenience, let ¢; = 2v/20\/dnlog(5d) + dlog(n) and cy = 2« + 20+/dlog(n). When

p and p’ decrease, ¢; ? and ¢5 ” " increase but RP and RE decrease, provided that there are a few elements
in s (refer to Definition B) and elements in £* larger than 1. Therefore, when ¢; and ¢ are not too large,

10
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reducing the value of p or p’ will lead a tighter recovery error bound for X* and £*. Although Theorem @ is
for (IM) rather than (8) and (8), it verified the superiority of smaller p of the tensor Schatten-p quasi-norm
in TRPCA.

5 Numerical Results

In this section, we conduct experiments of LRTC and TRPCA on both synthetic data and real image data.
All the tensor computations are implemented in the MATLAB Tensor Tool Box of (Bader_ef_all, 2OT9).
We use a MacBook Pro with 2.6 GHz Intel Core (i7) and 16 GB RAM. It is worth noting that the main
goal of the experiments is to show the effectiveness of the symmetric and asymmetric regularizers in LRTC
and TRPCA and the influence of p and ¢ on the recovery performance, not to compare our optimization
strategies with previous works (Bazerque et all, 2013; Cheng et all, 2016; [Yang et all, 2016; Shief all, 2OT7;
LCacroix_ef_all, 2Z00R). In most cases, ¢ = 1 (or p = 1/3) ([Yang et all, POUT6H) on the 3rd-order tensors has
the best performance. The asymmetric regularizers slightly outperform the symmetric regularizers in the
experiments of TRPCA. In addition, the experiments show that ENRs, though simple, can outperform a
few strong baselines of LRTC and TRPCA.

5.1 Experiments of LRTC

We compare LRTC-ENR with a few baselines on synthetic low-rank tensors and multi-spectral images. We
use Relative recovery error ||Po(T —T)||r/[|Pq(T)||F to evaluate the tensor completion performance, where
T is the original complete tensor and 7~ denotes the tensor recovered by a tensor completion method. The
minimum value of the metric is zero. A meaningful value of the metric is in the range of [0, 1].

5.1.1 Synthetic data

With the size for each dimension n = 50, we generate noisy low-rank synthetic tensors D = T +N € R»Xnxn,
where T = Y0, scgl) o w§2) o :1:2(3). The entries of :BEJ) € R™ (i € [r], 7 € [3]) are drawn from N(0,1). The
entries of the noise tensor N are drawn from N (0, (vo)?), where o7 denotes the standard deviation of the
entries of 7 and v means the noise level. We randomly mask a fraction (which we call missing rate) of the
entries to test the performance of tensor completion.

We compare the performance of CRIC-Schatten-g and LRTC-ENR (solved by BCDE and LBFGS) in Figure
B, in which we set » = 10 and considered different noise levels, missing rates, and p values. In all methods,
we set k = 2r = 20, tyax = 500, and select A from {0.01,0.1,0.5,1, 5,10, 50, 100,500}. We can see that:

a. Regularization is helpful. In Figure B (a~d), the recovery error when there is no regularization (i.e.,
A = 0) is higher than the others.

b. Smaller p leads to lower recovery error? In almost all cases, p < 1 outperforms p = 1, verifying
the superiority of Schatten-p quasi-norm over nuclear norm in LRTC (both LRTC-ENR and LRTC-
Schatten-p). In LRTC-ENR solved by BCDE and LBFGS, smaller p provides lower recovery error
provided that p is not too small (e.g. p > 1/6), which matches Theorem B and Corollary .

c¢. LRTC-ENR v.s. LRTC-Schatten-p Compared to Euclidean norm minimization, direct Schatten-p
norm minimization has higher recovery error and time cost because the optimization problem is
more difficult to solve.

d. BCDE v.s. LBFGS When p is too small (i.e., smaller than 1/6), the recovery error of LRTC-ENR
solved by BCDE does not change, but the recovery error of LRTC-ENR solved by LBFGS increases.
One possible reason is that LBFGS is not effective in handling nonsmooth objective functions and
is often stuck in bad local minima or even saddle points, especially when p is very small. When
p < 1/3, LRTC-ENR has at least one nonsmooth nonconvex subproblem, which brings difficulty to
LBFGS. However, the time cost of LBFGS is less than that of BCDE.

11
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Figure 3: Performance (average of 20 repeated trials) of Schatten-p (quasi) norm with different p in the case of
different noise level v for the noise distribution N(0, (vo7)?); “NoReg” means LRTC without regularization
(Acar_et all, POTT); the time costs (500 iterations) of the five methods are 8.6s, 3.0s, 2.1s, 2.8s, and 2.3s
respectively). The results of LRTC-ENR with symmetric regularizers of p = 1, 2/3, 1/3 are attributed to
(Cheng et all, 2016), (Bazerque et all, 2013), ([Yang et all, 2016) respectively.

e. Symmetric regularizer v.s. asymmetric reqularizer It can be found that the performance of asym-
BCDE and sym-BCDE are very similar and sym-LBFGS outperforms asym-LBFGS in many cases.
These empirical results are not consistent with our intuition that the asymmetric regularizers are
easier to optimize than the symmetric regularizers. A possible reason is that the soft-thresholding
for ¢ = 1 and iteratively reweighted method for ¢ < 1 of the symmetric regularizers are as effective
as the gradient descent for ¢ = 2 of the asymmetric regularizers. When p < 1/3, the ¢ in asym-
LBFGS is much less than the ¢ in sym-LBFGS and hence leads to higher instability in computing
the gradient and Hessian for LBFGS.

Based on the above results, we suggest using BCDE to solve LRTC-ENR on small datasets and using LBFGS
to solve LRTC-ENR on large datasets. In Schatten-p quasi norm, we suggest using p = 1/3 ([Yang et all,
DI®R) or p = 1/6.

Comparison with other tensor completion methods We compare LRTC-ENR with HaLRTC (ILid
et all, 2012), TenALS (Hain & Oh, 2014), TMac (Xuefall, 2013), BCPF (Zhaoefall, 2015), Rprecon (Kasai &z
\Vlishra, o0i6), KBR-TC (Xieefall, 20i8), TRLRF (Ynan ef all, 2009). In TenALS, TMac, BCPF, Rprecon,
TRLRF, and LRTC-ENR, we need to determine the factorization size (or the initial rank in other words)
beforehand. These methods, compared to HaLRTC and KBR-TC, may apply to large tensors efficiently

12
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provided that the ranks are sufficiently small. Particularly, in TMac, BCPF, and LRTC-ENR, the rank is
adjusted adaptively.

Figure B shows the recovery of LRTC-ENR (p = 1/3(Yang et all, 201A), solved by LBFGS) and seven
baselines on the synthetic data with » = 10. In all methods except HaLRTC and KBR-TC, one has to
determine the initial rank beforehand. For these methods except Rprecon, we have set the initial rank to 2r
because in practice it is difficult to know the true rank. The multi-rank of Rprecon is set to (r,r,r) because
it performs the best. The results in the figure show that Rprecon, BCPF, and LRTC-ENR (p = 1/3 ([Yang
bf-all, 2016)) outperformed other methods.

03 —
B HalRTC 05 (a)
| |[-B-KBR-TC
0.25 TenALS . / 40
5 -©-BCPF S 0.4 =
& 02f [©-TMac = S 30
g Rprecon 5§03 —B-KBR-TC 3
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\
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Figure 5: Low-rank tensor completion on synthetic data:
Figure 4: Low-rank tensor completion on [ RTC.ENR (p = 1/3 (IYang et all, 2016)) v.s. baseline meth-
synthetic data (r = 10): LRTC-ENR (p = ods, r = 50; (a) recovery error with different missing rates;
1/ 3t }E’ P016)) v.s. seven baseline (b) average time cost in all cases of missing rates.
methods.

When the missing rate is 0.9 in Figure @, we observed 12, 500 entries, much more than the minimum number
(1,500) of freedom parameters required to determine the tensor uniquely. It means the tensor completion
problem is too easy. Hence we increase r to 50 and report the recovery error and computational time of
KBR-TC, TenALS, BCPF, TMac, and LRTC-ENR (p = 1/3 ([Yang et all, 2016)) in Figure B, where we did
not report the results of other methods because their recovery errors are much higher than those reported
methods. We see the recovery error of BCPF and LRTC-ENR (p = 1/3 ([Yang et all, 2016)) are lower than
those of other methods. When the missing rate is sufficiently high, LRTC-ENR (p = 1/3 ([Yang et all, 2I116))
has less recovery error than BCPF. Moreover, LRTC-ENR (200 iterations) is at least 15 times faster than
BCPF and 5 times faster than KBR-TC.

5.1.2 Multi-spectral image inpainting

We use the Columbia multi-spectral image database (Yasuma et all, 200R) to show the performance of tensor
completion methods in image inpainting problems. The dataset consists of the multi-spectral images of 32
real-world scenes of a variety of real-world materials and objects. The spatial resolution of the images is
512x 512 and the number of spectral bands is 31. Thus the data of each image is a tensor of size 512x 512 x 31.

In our experiments, we pre-scale the image of every channel to [0,1]. Since TRLRF (Yuan et all, 2019) and
Rprecon (Kasai & Mishra, 2006) have extremely high computational costs on these tensors, we omit their
implementations here. In (Xie“ef all, POIR), it has been shown that BCPF (Zhao ef all, DOTH) significantly
outperformed HaLRTC (Lin_ef-all, P012) as well as a few other baselines on this dataset, so we will not
compare HaLRT'C. The initial rank of TMac (Xu“ef-all, PT3) and LRTC-ENR are set to 100. When the
initial rank is 100, it takes TenALS (Main"& OH, 2014) and BCPF (Zhao ef-all, 2015) more than 1500 seconds
on each image, thus we set the initial rank to 50. Since the tensor rank is very small compared to the size
and the images are noiseless, we here consider highly incomplete images of which the missing rates are no
less than 0.95.
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As an example, Figure B shows the recovery errors of LRTC-ENR (at different p) and the competing methods
on the first image of the dataset when the missing rate is 0.95, 0.97, or 0.99. When the missing rate is 0.95,
KBR-TC outperformed LRTC-ENR. When the missing rate is 0.99, LRTC-ENR outperformed all other
methods. In Figure B (a), for LRTC-ENR, p = 1/6 is the best choice, while in Figure B (b) and (¢), p = 1/3
([Yang et all, 2016) has the least recovery error. These results are consistent with the theorems: a smaller p
but not too small leads to a lower recovery error; p = 1/d is better than any p > 1/d.

016 missing rate=0.95 02 \ missing rate=0.97 07 missing rate=0.99
"""" -©-LRTC-ENR[ ~ ~ 018l -6~ LRTC-ENR -~~~ "~ -©-LRTCENR [~ "~
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Figure 6: Recovery error on the first image of the MSI dataset. The results of LRTC-ENR with p =
1, 2/3, 1/3 are attributed to (Cheng et all, PUIR), (Bazerque et all, 2013), ([Yang et all, 2UIH) respectively.

Figures @ and B visualize the recovery performance on the first image when the missing rates are 0.97 and
0.99 respectively. Visually, the recovery performance of LRTC-ENR (p = 1/3 ([Yang et all, 2016)) is much
better than those of other methods. The average results (PSNR) on the 32 images are reported in Table B.
KBR-TC and LRTC-ENR (p = 1/3 ([Yang et all, 2016)) outperformed other methods significantly. When
the missing rate is 0.97 or 0.99, LRTC-ENR (p = 1/3 ([Yang et all, 20016)) outperformed KBR-TC, and the
improvement is significant according to the paired t-test. In addition, the time cost of LRTC-ENR (([Yang
Bf_all, P016)) is only 15% of that of KBR-TC.

Table 2: Average recovery performance (PSNR) on the Columbia MSI dataset of 32 images (the p-value is
from the paired t-test between KBR-TC and LRTC-ENR)

Missing rate 0.95 0.97 0.99 Time
TenALS (Tain & OH, 20074) 30.1+4.4  25.9+3.22 13.3+4.9 || 500s
BCPF (Zhao ef-all, 15) 304458  26.8+£5.6  20.2+3.3 || 450s
TMac (Xu-efall, 2013) 33.345.4  30.6£4.9 17.9+3.1 || 190s
KBR-TC (Xie_efall, POIR) 37.144.9 314449  20.5+2.8 || 730s
LRTC-ENR (p = 1/3 (Yang et all, 2016)) | 35.444.4 32.4+5.1 26.1+5.4 || 110s
p-value (t-test) | 5x1071T 5x107*  2x10°% ]| ©

5.2 Experiments of Tensor Robust PCA
5.2.1 Synthetic data

We generate synthetic tensors by D = T + N + E. The low-rank tensor T is given by T = >_\_, wiwl(-l) o
132(-2) o 3253), where w; = i/r and the entries of :cg]) € R" (i € [r], j € [3]) are drawn from N(0,1). N is
a dense noise tensor drawn from N (0, (0.107)?) and € is a sparse noise tensor drawn from N(0,0%-). We

set n = 50, r = 25 and evaluate the TRPCA performance in recovering T in the case of different sparsity
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Original image Incomplete image (0.97)

BCPF (PSNR=26)

TenALS (PSNR=28.9)

KBR-TC (PSNR=35.2) LRTC-ENR (PSNR=36.6)

Figure 7: Inpainting performance on the first image (band 16) of the MSI dataset when the missing rate is
0.97. In LRTC-ENR, p = 1/3 ([Yang et all, 2O186).

Original image Incomplete image (0.99) (PSNR=7.1) BCPF (PSNR=17.6)

TenALS

TMac (PSNR=17.9) KBR-TC (PSNR=20.4) LRTC-ENR (PSNR=30.6)

Figure 8: Inpainting performance on the first image (band 16) of the MSI dataset when the missing rate is
0.99. In LRTC-ENR, p = 1/3 ([Yang et all, 2O186).

(termed as noise density) of €. The evaluation metric is the relative recovery error defined by

Relative recovery error = |7 — T #/|| T ¢
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We compare TRPCA-ENR with KBR-PCA (Xie“efrall, 2018). TRPCA (denoted by T-TRPCA) proposed
by (LCuef all, 2019) and the robust tensor decomposition method OITNN-L proposed by (Wang et all, 2020)
are under the assumption of ¢-product (not CP decomposition) and hence are not compatible in our setting
of synthetic data. We only compare them on real data later. The hyper-parameters of KBR-RPCA and
TRPCA-ENRF are sufficiently tuned to provide their best performance. Figure B(a) shows the recovery
errors of KBR-RPCA and TRPCA-ENR (with p = 2/3 (Bazerque et all, 2013), 1/3 (Yang et all, 2016), and
1/6) when the noise density increases from 0.1 to 0.7. We see that TRPCA-ENR consistently outperformed
KBR-RPCA. In TRPCA-ENR, p = 1/6 is better than p = 2/3 and 1/3 but the difference is not obvious. In
Figure B(b), we show the influence of different p on the recovery error. It can be found that a smaller p (but
not too small, e.g. larger than 10~2) yields less recovery error.

@ (b)
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Figure 9: Performance of TRPCA on synthetic data (average of 20 repeated trials): (a) KBR-RPCA v.s.
TRPCA-ENR (initial rank=2r); (b) relative recovery error of TRPCA-ENR with different p. The results of
TRPCA-ENR with p = 2/3, 1/3 are attributed to (Bazerque et all, 2013), ([Yang et all, DUIR) respectively.
In Figure [, we compare the performance of symmetric regularizers and asymmetric regularizers in TRPCA-
ENR. We see that in all cases, the recovery error and time cost given by the asymmetric regularizers are
lower than those given by the symmetric regularizers. The reason is that there are more subproblems
in the optimization associated with the symmetric regularizers that have no closed-form solutions. The
optimization with asymmetric regularizers reaches the stop criterion in 200 or 300 iterations while the
optimization with symmetric regularizers requires much more iterations or even does not reach the stop
criterion in 500 iterations.

5.2.2 Color image denoising

We compare TRPCA-ENR with KBR-PCA (Xie_ef-all, 201R), T-TRPCA (Lu_ef all, 2019), and OITNN-L
(Wang_et all, 2020) in the task of color image denoising on nine color images (displayed by Figure [l) of
size 256 x 256 x 3 used in (Wang et all, 2020). For each image, we randomly set 10% of the tensor elements
to random values in [0,1]. We tuned all hyper-parameters carefully within wide ranges to provide the best
denoising performance of the methods. As a result, in KBR-RPCA, we set A = 2 or 3. In OITNN-L, we
set A\, = 4 or 5 and A\g = 0.16. In T-TRPCA, we set A = 1/\/@ or 2/\/@ In TRPCA-ENR, we set
the initial rank to a relatively large value 200 because the approximate rank of the image tensors is not too
small and the method can adjust the rank adaptively; we set A, = 0.02 and consider the cases of p = 2/3,
1/3, 1/6, and 1/10, for which A, = 0.1, 0.1, 0.02, and 0.015.

The average PSNR with standard deviation across 20 repeated trials are reported in Table B. We see that
the PSNRs of TRPCA-ENR methods are much lower than those of other methods in all cases. In addition,
TRPCA-ENR with smaller p has higher PSNR and TRPCA-ENR with p = 1/10 performs the best. Figure

3Throughout this paper, we set u = 10 and tmax = 500 for Algorithms B and B.
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Figure 10: Comparison of symmetric and asymmetric regularizers in TRPCA-ENR on the synthetic data
(average of 20 repeated trials): (a) relative recovery error when the noise density is 0.3; (b) relative recovery
error when the noise density is 0.5; (c) time cost when the noise density is 0.3; (d) time cost when the noise
density is 0.5 (the maximum iteration is 500 and the stop criterion is that the relative change of the decision
variables is less than 107%).

Figure 11: Nine color images for denoising

[ visualizes the denoising performance on Image 1, showing that TRPCA-ENR methods are better than
other methods. These results provided evidence that tensor Schatten-p quasi-norm minimization is able to
provide higher recovery accuracy in TRPCA when a relatively smaller p is used.

6 Conclusion

We presented a framework of Euclidean-Norm-Induced Regularization (ENR) for LRTC and TRPCA, though
some special cases were already studied in previous works (Bazerque et all, 2003; Cheng et all, 2016; Shi
Bfall, 2017; Lacroix efall, PO1R). We in this work focused more on the theory of Schattern-p quasi-norm
and ENR in LRTC and TRPCA than on the numerical comparison of different LRTC or TRPCA methods.
We proved that the Schattern-p quasi-norm with a decently small p or ENR with a decently small ¢ provide
tighter generalization error bounds for LRTC. More importantly, our theory indicates that for LRTC on
d-order tensors, p = 1/d is always better than any p > 1/d in terms of the generalization error bound. We
also proved that in TRPCA for orthogonal tensors, a smaller p in Schattern-p quasi-norm can lead to a
lower recovery error bound under some mild conditions. In addition to the theoretical results, our numerical
results verified the effectiveness of ENR in comparison to a few baselines of LRTC and TRPCA.
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Table 3: PSNR of color image denoising. The results of TRPCA-ENR with symmetric regularizers of
p=2/3, 1/3 are attributed to (Bazerque et all, 2013), ([Yang et all, 2OU16) respectively.

Image 1 Image 2 Image 3 Image 4 Imageb
KBR-RPCA (Kieeft'all, 2OiR) | 30.25+0.06  33.36+0.22  31.93+0.12  31.87+0.08  35.08+0.12
T-TRPCA (Luetall, P ) 31.164+0.05  32.75+£0.06  32.87+0.11  32.52+0.06  33.91+0.10
OITNN-O (Wang et all, p020) | 28.46+0.04  29.994+0.03  29.16+0.05  28.13+0.04  29.86+0.03
TRPCA-ENR (p=2, sym) 34.23+40.12  35.44+0.09  34.82+0.18  34.23+£0.14  37.14+0.06
TRPCA-ENR (p= i, sym) 34.684+0.18  36.88+£0.16  37.52+0.12  34.53+£0.31  37.78+0.04
TRPCA-ENR (p= i, asym) 34.81+£0.16  37.04+£0.06  37.61+0.19  34.92+0.28  38.16+0.10
TRPCA-ENR (p= % asym) 34.964+0.40 36.94+£0.12  37.57+0.33  35.124+0.17  38.14+0.11
TRPCA-ENR (p= 1 , asym) 35.45+0.12 37.14+0.10 37.76+0.14 35.38+0.46 38.284+0.13
Image 6 Image 7 Image 8 Image 9
KBR-RPCA (Xieefall, 2OiR) | 31.36+£0.09  30.08+0.10  32.41+0.05  34.284+0.12
T-TRPCA (Luef-all, 201Y) 28.96+0.06  29.36+£0.09  31.49+0.11  33.67+0.14
OITNN-O (— p020) | 27.394+0.05  27.46+£0.05  28.61+0.07  30.06=0.06
TRPCA-ENR (p=2, sym) 35.094+0.12  33.67£0.10  35.66+0.16  36.12+0.05
TRPCA-ENR (p= _1 sym) 33.21+0.54  34.10£0.23  36.09+0.14  37.95£0.16
TRPCA-ENR (p i yim) 33.54+0.71  34.29£0.18  36.38+0.09 38.13£0.12
TRPCA-ENR (p % m) 33.62+0.76  34.44£0.12  36.494+0.08  37.96+0.10
TRPCA-ENR (p= 1 asym) 35.18+£0.35 34.57+0.14 36.71+0.06 38.01£0.16

Original image

Noisy image

KBR-RPCA (PSNR=30.22)

TRPCA-ENR (p=1/6) (PSNR=35.03)

T-TRPCA (PSNR=31.26)

TRPCA-ENR (p=1/10) (PSNR=35.52)

Figure 12: Denoising performance on Image 1.
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A Optimization for LRTC-ENR

A.1 Block Coordinate Descent with Extrapolation

There are d blocks of decision variables in problem (), i.e. {X@}i€ld where X0 = [ 2§ . azgj)].
We propose to find a critical point of (2) by Block Coordinate Descent (BCD) with Extrapolation (BCDE
for short) (Xu—& Yin, 2013), which is more efficient than BCD. For simplicity, here we only present the
optimization of (B) with the regularizer shown in (B). The optimization can be easily extended to (2) with
other regularizers we proposed in Section D.

Let

2

k
E({X(J)}Je d] ||M>|< (DZmEl)omEQ)...owz(-d))
i=1

2
=3 HMU) * (Dm — XU [(X@)@iz] )HF

F

and

X(J) Z ||$(J)de

where [(X()9i#] = X@ ©...0 XU+t) o XU-D .. .0 XM, We initialize {X ) }7€[ randomly and
rescale « to have unit Euclidean norm:

2 ~N(O.1), @ 2/l i€k, e (11)
Then at iteration t, for j = 1,2,...,d, we first perform an extrapolation
Xt(]—)l = Xt(i)l + Wj,t—l(Xt(j—)l - Xt(i)Q)v (12)

where w; ;—1 > 0 controls the size of the extrapolation at iteration ¢. Then we perform a proximal step as

) ) oy I
Xt(j) =argmin <VX<j) L, X Xt(j_)1> + —;’t
X () t—1

2 prox (Xt( 7) z;thXﬁi)lﬁ)

D= XU+ ARpa(X )

(13)

(J i)\ O i i)\ OQij d
In (), Vg L = (M<j> + (D) = XX O)P#IT)) (= (X)), (X)) = X0 0.
X(JH) ® X(J 1) - O Xél), and IA/j,t is larger than the Lipschitz constant of V o) £. We approximate
t—1

it by
— |Q7| X (1)) izt
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where o = 0.5, 1, or 2. The derivation of (@) is as follows. For convenience, we denote a perturbed copy of
Xt@l by Zt(z)l. We have
”VXt@lﬁ - szi>lﬁ||F
=|| (M) * (Dgy = XX O)PHIT)) (= [(XD) )
= (Mg (Dgy = Z2XD)Z=)T)) (= (X)) e
<X D)o} My = (XX D) ]T = 22 (X)) |
€2

<X D) #]20
(X)) ]I . m

o (J > (J i)\ Oizj
(XD = 22D (XD ]

12 i)\ @ins 56 B
<o) = — XD ZHBIXD, = 22, ||
[Tizy m
H(-if U
Here 0 < p < ]?21| is some suitable constant.

In (I3), when p = 1/d, prox?(Y) = ®A(Y), where @ is the column-wise soft-thresholding operator (Parikh

ef-all, 2014) defined by
dyll=Ny )
Pi(y) = { o iyl >

0, otherwise.

~

L; )
When p = 2/d, prox3 (Y) = ﬁY. When p > 2/d, we can estimate X7 by gradient descent. When
Jrt

p < 1/d, (I3) is nonconvex and nonsmooth. Then we update X ¥) with iteratively reweighted method (I,
p(iid), which is given by Algorithm M.

Algorithm 1 miny %HY - G|% + 5\2521 l|lyil|?

Require: G, ¢, \, tq, €
Y «+— G.
2: fort=1,2,...,t, do

—_

q—2 q—2

W = diag(([lys]l +¢) 2 ... (lyxl +€)2).
Y = G(I+ 22 WwTh)—1,

5: end for

Ensure: Y.

eow

In (I2), the parameter w;; is determined as

ramt =0y Lo/ Ly, (15)

where § < 1. We set § = 0.95 for simplicity. The whole procedure is summarized in Algorithm B. The
convergence analysis when p > 1/d can be found in (X & Yin, 2013). When p < 1/d, suppose Algorithm 0
returns the optimal solution, we can get similar convergence result as the case p = 1/d. Empirically, we found
that there is no need to find the exact solution for the subproblem and instead we just perform Algorithm
O for a few iterations, which can still provide satisfactory result. Currently, proving the convergence is out
of the scope of our paper.

A.2 L-BFGS

Though faster than BCD, the computational cost per iteration of BCDE is high when d is not small because
we need to compute X ) [(X@D)i#]T for d times in every iteration. One may consider the Jacobi-type
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Algorithm 2 solve LRTC-ENR by BCDE
Input' D M k’ >\ tmax
1: Initialize {m(])}zg[g]] ith (W), let ¢ = 0.
2: repeat
3: t+—t+1.

4 for j=1,2,...,d do

5 if t <=2 then

6 Wjt—1 = 0.

7: else

8 Compute w;;—1 by (I3).

9: end if ‘

10: Compute X7, by (I2).

11: Compute L;,_q by (I2).

12: Compute Xtm by (I3) or Algorithm M.
13: end for .

14: Remove the zero columns of Xt(] ), j€ld.

15: until converged or t = tax
Output: 7 =T x; Xt(l) X9 Xt(z) S X4 Xt(d).

iteration (cheaper computation but slower convergence) rather than the Gauss-Seidel iteration in BCD and
BCDE. In practice, we can use quasi-Newton methods such as L-BFGS (Lin-& Nocedal, I989) to solve
problem (B) even though the objective function is nonsmooth. Particularly, we can drop the columns of

Xt(j ) (4 € [d]) with nearly-zero Euclidean norms for acceleration. The corresponding algorithm® is shown in
Algorithm B.

Algorithm 3 solve LRTC-ENR by LBFGS
Input: D, M, k, A\, tax.
1: Initialize {x; ])}Zgg}] with (@), let ¢ = 0.
2: repeat
3: t—t+1.
Compute the search directions by LBFGS.
Use line search to determine the step size.

4
5
6: Update Xt(j)7 j € ld].
7
8

For j € [d], remove the columns of Xt(j) with Euclidean norms less than a small threshold, e.g. 107°.
: until converged or t = tax
. (1) (2) (d)
Output: 7T =7 x; X,/ x2 X, ... xqg X7,

B Optimization for TRPCA-ENR

When p = 2/d, we use alternating minimization to solve the optimization of TRPCA-ENR because every
subproblem has a closed-form solution. When p = 1/d, we may, like Section BT, use block coordinate
descent with extrapolation (Xu-& Yin, 2013). However, the additional variable £ further slows down the
convergence. We hence propose to solve (H) by the (nonconvex) alternating direction method of multipliers
(ADMM) (Wang et all, 201H). Specifically, by adding auxiliary variables {Y(j)}j-l:17 we reformulate (H) as

1 ) .
inimi - L x ) (1)) @i J€ld]
pemize 5[ Do) - XU = B[R (W) + el

subject to y ) :X(j),j:LZ,...,d.

4The implementation in this paper is based on the minFunc MATLAB toolbox of M. Schmidt: http://www.cs.ubc.ca/
~schmidtm/Software/minkunc.html.
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Let {Z W) }4_, be Lagrange multipliers and solve

1 2
minimize *HD( - XX D)@t —Eo)H
(X, y(j)}ai 2 F

M . .
FA S IO+ Al + Z (YO - X0, 20) + DIy D - X O3,

i=1 j=1

(16)

where p is the augmented Lagrange penalty parameter. Then update { XU ) YU )};l:l and &€ sequentially to
minimize (IG) and update {ZU )}?:1 lastly. The procedures are summarized into Algorithm @, where

(9) (1)) @i €] ) (D)\Oiz 1T [( X (1)) @i -t
X =((Dg) - Bp) (X)) +pv ) = 20) (X (XS] 4 p) (1)
YO =@y (X0 =29 /). (18)
29— 29 +u(y,” - X)), (19)
£ =W, (D—leXt(l) ><2Xt(2)...><dXt(d)). (20)

VU is the element-wise soft-thresholding operator (Parikh_ef-all, 2014) defined by

Uy, (v) = sign(v) max(0, |[v] — A¢).

Algorithm 4 TRPCA-ENR (p = 1/d) solved by ADMM
Input: D, k, Az, Ac, 1) tmax-
1 Initialize {x(”}fe[‘” with (C); for j =1,...,d, let Y7) = X and Z0) = 0; let t = 0 and € = 0.
2: repeat
3: t+—t+1.
for j =1,2,...,d do
Compute Xt(j) by (7).
Compute Yt(j) by (OR).
Update ZU) by ().
end for
9: Compute &; by (£1).
10: until converged or t = tax
Output: T =7 x; XV x5 X ... xy xV.

AN U A

In (8), when p ¢ {1/d,2/d}, the optimization becomes more difficult because all d groups of the regularizers
are nonconvex and nonsmooth. Thanks to Theorem B, especially its (b), we can obtain arbitrarily sharp
Schatten-p quasi-norm regularization by using only one group of nonconvex and nonsmooth regularizers on
the component vectors. The corresponding problem is

d
the Z( Ve + ZQ||w§”||2)+Ae|e||1. (21)

We propose to solve (E11) by ADMM with the iteratively reweighted update (Algorithm M) embedded, which

is shown in Algorithm B. In the algorithm, for j = 2,...,d, the subproblem of Xt(J ) has a closed-form
solution, which makes the algorithm more efficient than Algorithm B, especially when d is large. Note that
the time complexity per iteration of Algorithm @ and Algorithm B are O(dk*n?=! + dk® + (d + 1)kn?) and
O(dk*n?=1 + dk3 + (d + 1)kn? + t,k?n) respectively, which are similar because t,k?n is much less than
(d+1)kn? for high-order low-rank tensors. If p < 1/d and we do not use the asymmetric regularizer given by
Theorem B(b), the time complexity per iteration of the optimization is O(dk?n?= 1 +dk®+(d+1)kn?+dt,k*n),
which is higher than that of Algorithm B.

k
o 1 1 2 d
minimize — ’D—E mg)omg)...owz(.)—
(icld g 2

{z; }ie[k]’ i
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Algorithm 5 TRPCA-ENR when p ¢ {1/d,2/d}

Input: D, k, ¢, Ax; Ae, {1, tmax-
1: Initialize {xl(])}'zg[[;j]] with (Ih); let ¢ = 0 and € = 0; let Yo(l) = Xél) and ZM) = 0.
2: repeat
3: t+t+1.
4 Compute Xt(l) by (7).
5: Compute Yt(l) by Algorithm .
6: Update Z() by (m3).
7.
8
9

for j=2,3,...,ddo )
Compute X\ by X\ = (D(;) — E;))[(X )] ([(X(i))Qi#i]T[(X(i))Qi#] + AmI) .
end for
10: Compute &; by (£1).
11: until converged or t = tax
Output: T =7 x; X" x5 XP . x; X,

C More experimental results

C.1 Theoretical bound v.s. empirical error

We apply LRTC-ENR (with symmetric regularizers) to the synthetic tensors used in Figure 0 and Figure
B, where we let the noise-signal ratio be 0.2. We let A = (ﬁHPQ(D -X)|% - ﬁ”PQ(D - X)||%) /€2,

where & = max{||D||o, || X]|sc }. Now in Figure I3, we compare A with the theoretical error upper bound A
defined by (B). A is in log scale for better visualization. We see the empirical reconstruction error is much
less than the theoretical error (upper) bound. One reason is that the bound involves 2, which is much larger
(often 100 times) than the average of square entries of D and X.

0.4 A given b_y dlffere-nt q (p=.0.02) 10 decay rate 1
decay rate 2
0.35 decay rate 3
0.3 102k decay rate 4 l
——decay rate 5 /
0.25 F decay rate 6
q 02 )<] 10»3 3
1 decay rate 1
0.15 decay rate 2
01k decay rate 3 | | 104k ; |
decay rate 4
0.05 b decay rate 5 |4 M T
decay rate 6 -
0 1 1 - - 10-5 : & ! ! : & i
0 0.2 0.4 0.6 0.8 1 0 0.0050.05 0.2 04 06 08 1
q q

Figure 13: Left: theoretical upper bound A (Theorem B). Right: empirical reconstruction error A. The
sampling rate p is 0.02.

C.2 Iterative performance of LRTC-ENR
Figure @ shows the value of the objective function and relative recovery error of LRTC-ENR in each iteration

on the synthetic data used in Section B11. We see that the optimization converged quickly and the relative
recovery error decreased when the iteration number increased.
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Figure 14: Tterative performance of LRTC-ENR (p = 1/3 ([Yang et all, 2O16))

C.3 LRTC-ENR on higher-order tensors

We compare LRTC-ENR with HaLRTC, KBR-TC, and BCPF on a synthetic 4-order tensor of size
30x30%x30%x30 and rank 50. The relative recovery errors (average of ten trials) are reported in Table @
LRTC-ENR (p = 1/3) outperformed the baselines.

Table 4: Tensor completion on 4-order tensor of size 30x30x30x30. The data generating model is similar
to the one used in Section BI. In LRTC-ENR, we set p = 1/3 ([Yang et all, 2016).
missing rate
0.7 0.9
HaLRTC 0.98 0.99
KBR-TC 0.34 0.67
BCPF 0.11  0.21
LRTC-ENR | 0.03 0.05

methods

D Proof of the theorems

D.1 Proof of Theorem O

Proof. Let &’ = a;;@", where ||| = 1. Then [T%_, [«{’|| = TT_, ai; = |\i|. We have

1/d
LN 0) : )
EZZ [EXE=D H [l
i=1 j=1 i=1
k . k
= Z H o/t =[x 2/,
i=1 j=1 i=1
in which the inequality holds according to the AM-GM inequality. When a;; = cjo = ... g = |\i]/%, the

equality of AM-GM inequality is true. Replacing g with pd, we have

kK d k
1 .
SO P = Y I =
i=1 j=1

i=1
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D.2 Proof of Theorem 2

Proof. (1) We have

k k 1/q
1 1
Z( [ >||q+2\|w(”||) =3 (Zuw( | +Z||a:<”u)
=1 =1 —
k 1 1/q 1+qd—q
1
22<5+d—1> Hnm“uqﬂnm“’u
=1
k 1 d 4 1+qd—q
=N C+d-1) [ lI=2
i=1 q j=1
k
1+qgd—q —L— _l1+qd—q 14qd
—— A e > g,
q — q
(2) We have
k 9 d k 2/q
1 |
> Clefe+ > 12)2) =3 (Zuw I? +Z||:c<”u )
=1 4 j=2 =1l =1
k 9 2/q 2+qd—q
1
zZ(q +d—1) H||w< e H |2
=1
k 9 d 4 2+qd—q
=N"C+d-1) | [P
= 4 j=1

k
2 d— 22 2 d— _
=S TACT N | 7rads > AT e/ i),
° q -
=1

The equality in the second row of formula (1) (also (2)) holds when all terms in the parentheses are equal,
for each . ]

D.3 Proof of the last two in Table [

Proof. Recall the definition of A1,..., A\x. We have

16/°
=" (=12 + 12 + 121
=1
165 G~ (2, L@y L@ Lo, Lo
=2 3 (11 G+ G+ 31+ 1)

k

161/5 1, 1 5 ) 5 5 \ 5
225 (16|a:£ e 1212 ) >|)

k
=3 (I 1))
=1

k
=SS = x)e

Sa/5°
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Similarly, we have

811/7 & 1 2 3
(l21 + 12 + 1))
=1
L1 1
1)¢ 2 3
2P+ 3 (1Pl + 512
; 3 3
7j=1
( (2 (3 VT
7 (el a1 )

k 2/7
1 2 3
=3 (I 1122 12))
i=1

N
117§:

k

=2 NPT
O
D.4 Proof of Theorem B
First, we give the following lemma, which is proved in Appendix E.
Lemma 1. Let Sg”iz ={X ¢ Sjm : rank(X) < HX”SL < 1}. Then the covering numbers ofS 2 with

respect to || - || g1 satisfy

i

o(d+1) > dk(n—(k+1)/2)+k
€

log N (S5, - llss e>§<

where ¢ > 0 is a universal constant.

Proof. We follow the idea of Theorem 4.3 of (Hinrichs ef all, P017) and analyze the entropy number first.
According to the monotonicity of dyadic entropy numbers, it is enough to let n = 2% and n = 2% - 2%, where
1 < a < f are natural numbers. We have n/n = 277, Let X € Sj:n’p with ¢» = 1. The orthogonal CP

decomposition of X is denoted by X = Zz 1 8 u(l) E ). o ugd) and s; > 89 > -+ > s,. We define

n

Xl = Zéliugl) e} 'U,Z(Q) ERRNel ’U,Z(»d), .§1 = (51,0, .. .,O)T, (22)
i=1
and, for 5 =2,3,...,0,
n 271
_ _ —
Xj:Zsjiugl)ou52)~~ou§d), Sj:(0,...70752]'—1,...,52]',1,0,...,0)1—. (23)

It follows that rank(X;) <2771, j € [3]. Then we have [|X1|[s: <1, and j =2,3,...,5,

271 1/a
1ilse = S0 i) < (@ tsg) =200 e (s, )Y
t=27—-1
- p (24)
<9li-1/q S Z P < 20-D(A/a=1/p),
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where the last inequality holds because of Zf;l s? < 1. Now we can decompose X as
X=X1+Xo+ - +Xz+X. (25)

Suppose q¢ > p, we have

7 7 7
Yiga _ q _ D .q—p q—p p
||X||sq¢ = E St = § SpSt T < Sos § St
t=28 t=28 t=28
—_p

1 20\ (&, (26)
(2ze] (e
t=1 t=2F

SQ—B((J—I»)/pH‘;\g||(§—f'||‘;\g||1§L - 2—ﬁ(f1—p)/p||‘;\g||féL < 9 Bla=p)/p,
P P P
It follows that

X-Y x| =]y, <20,

Sy

We focus on the case ¢ = 2. We see that 20~ D1/P=1/2x, ¢ Sj:;l Let N; C Sj:;l be an €;-net,
j € [B], and define

8
N:=33 270 0Wr12z 0z e N, je g
j=1

Then N is an e-net of SdL-,n,p with ¢ =1 in || - HS;, where
/8 .
€ = 22—(]—1)(1/p—1/2)€j + 25(1/2_1/1))
j=1

and || = [T/ I,

Now let €¢; = 20 =B (/p=1/2+1) "where c is the constant in Lemma 0. We have
B
€= Z 2(=P)(1/p=1/2)9(i=B) 4 9b(1/2=1/p)
j=1

B
—c2(1-8)(1/p=1/2) Z 9(i=B) 4 9B(1/2=1/p)

j=1
<2-F1/p=1/2)
. <n>1/p1/2
=C — y
n
where ¢ is a constant. Then we have
J 2p/(2—p)
nﬁn(> (27)
€
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Using Lemma @ and the definition of Nj, we obtain

c(d+1) d27 7} (n—(27 7 1) /2) 4207
log |NV| = logH N | <10gH ( 2G—B) (/- 1/2+1))

i—1
(d2] 1 ( 2T+ 1) +2j—1> log ((d+ 1)2(6—j)(1/17—1/2+1))

B
2 )
B
Z dn29=1 (B — §)(1/p — 1/2+ 1) + log(d + 1))
(28)
<(1/p—1/2+ 1)dlog(d + 1 Z2J L
=(1/p —1/2 4 1)dlog(d + 1)n2° Z 2B (B - )
j=1
<(1/p—1/2+1)dlog(d+ 1)n
o\ 2P/ (2-p)
<(1/p—1/2+ 1)ndlog(d + 1) () .
€
Now using a general 1), instead of 1, we finish the proof. O

D.5 Proof of Theorem @

Before proving the theorem, we give the following lemma.

Lemma 2. Let S be a set of d-order hyper-cubic tensors of side length n. Suppose the e-covering numbers
of 8 with respect to the Frobenius norm are upper-bounded by B. Suppose max{||D|co, || X|lcc} < &. Then
the following inequality holds with probability at least 1 — 2n~¢,

1D — Xl|r -

% dlogn + log | B[)\ /4
IPa(D — )|r| < +2e(gg))

vl 2|9

\/@

The proof of the lemma can be found in Appendix EZ1. Now we prove Theorem B as follows.

Proof. According to Theorem B, the covering numbers of S[’}’J- with respect to the Frobenius norm satisfy

log B, (29)

2p/(2—
C”X”SZJ; p/(2—p) N
76 =

< (1/2+ 1/p)nd (log(d + 1)) (
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where ¢ > 0 is a universal constant. Now substituting log B into Lemma B and letting € = ctevdn, we get

1
su D-X Po(D - X
s \/77” 7 — \/@” o iiva
el \ 20/ A
9 dlogn + (3 + )nd (log(d + 1)) (H’)
< + 2¢
1€ 2|9
_ 1/4
1%\ 2P/ (2=P) (30)
141 %
QCTE\/% dlogn+(2 +P)nd(10g(d+1)) (57’\/%)
=Y 2
VIl 2|9
2p/(2-p)\ /4
%llgo \ “P/A=7P
(3 + 2)nd (log(d + 1)) (m>
<ce ;
€2
where we have let 7 = 1 and ¢’ is a universal constant. This finished the proof. O

D.6 Proof of Theorem H

The following lemma (proved in Appendix [EZ3) will be used in the proof of the theorem.

Lemma 3. Define B;)’qk = {X € R"* ;|| X |2, < 1}. Then the covering numbers of B;’: with respect to
the Frobenius norm satisfy:

(a) log N(Byw || ||, €) < cq(n +log(ek))e 24/~ when 0 < ¢ < 1,
(b) log N'(ByF, || - |1 pye) < [nk2@=1/e=2] log(2nk), when q > 1,

where cq = O (5

Proof. Let X =T x; XM x5 --- x4 X@ be the CP (or Tucker equivalently) decomposition of X € S,?’p,
where Z is super-diagonal. tensor of 1s.
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Let X =Z x; XM x5 -+ x4 X@ and denote ¢ = ||C||p. Let | X — XW)||p < il—[#jwfl, j € [d]. We
have
X — X r
=T 1 XU xg o xg XD Ty XD oy g XD
=T x1 XU xy . xg XD LT x; XUy xg XD
+Tx; XD %y xy g XD 5, x (@)
+ . 2T x; XY xg . xgo XD %, X
—Ix1 XW xy. . xg XD||p
T x1 XD o oxg (XD — X D)5
+ 1T x1 XD x5 oxg_y (XD - XEA=D) 5, XD
+oH [T x (XD = XDy, XO oy XD
SHIHO;D”X(DHOP ce ||X(d71)||opHX(d) - X(d)”F
+ ||I||O;DHX(1)||OP 1Y = XD ) X D,
A NZNopl XD = XD X P g | XD | X
d+d+ =

—€.

Nlop

Denote ¢ = H?Zl vj- When 0 < g < 1, the the covering number of Sg)mq can be bounded as

2q/(2—
dd)a(]) ‘_1> a/(2—q)

€

(Sd n,q’ ||F7 < H €Xp | ¢4 n + log(ek:)) (

( a(])’Y )2‘1/(2 q)
j=1

When g > 1, the the covering number of S(’;’n’ 4 can be bounded as

where ¢, is a universal constant. It follows that

e(n+ log (ek))

M&

1OgN<S§,n,q7 H : HFvE) <

where ¢ is a constant.

d (J) . -1
doo ;
NS g - lleve) < T exp | ¢nk2o=D7/010g(2nk) <M> ,

. €
=1

where we have converted the ceil operation into multiplying a constant ¢’ for simplicity. It follows that

d
doa
logJ\f(Sc]f.,nyq» II-lF,e€) <nk2a-1)/a log(2nk) E : (W)
Jj=1

D.7 Proof for Theorem B

The following lemma provides a sample complexity bound for transductive learning.

Lemma 4 (Corollary 1 of (EI-Yaniv & Pechyonyl, 2009), reformulated). Let F be a fized hypothesis set and
suppose sup; j x ey |¢ (Yij, Xij) | < 7e. Suppose a fized set S of distinct indices is uniformly and randomly
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split to two subsets Strain and Stest, where |Siest| > [Strain|. Then with probability at least 1 — § over the
random split, we have

1 1 (‘Strainl + |Stest|)2
0(Yij, X 0(Yij, X5 Rs(loF
|Stest| (iaj)ezsvtest ( J ) |Straln| Z ( ’ ) |Strain| |Stest| S( )

(4,7) € Strain

1170 (Stratn] + [Seesel) |, 5 \/(stmm + |Shest) |

og ~.
V |Strain| |Stest| |Strain| |St88t‘ 0

Before proof, we give the following lemma, which is a variant of the Dudley entropy integral bound on
Rademacher complexity.

Lemma 5 (Theorem 3 of (Schrended, 2020)). Let F C {f : X — R} be any class of measurable functions
containing the uniformly zero function and let S,(F) = supscz | fllzo(p,)- Then

Ru(F) < inf <4r - / VN B odc) . (32)

In the lemma, || f||z,(p,) is defined as ||f||2L2(Pn) = L3 | f(X;)?, which means

Then we have

Sy (F)
Ro(F) < inf <4T+/ VIog N (F, |- . v/) dC)
(34)

) 47 12 [Sn(F)Vn
_igfo <\/ﬁ+n g VIg N (F, || - ||r,e)de | .

Now we use Theorem B and (B2) to obtain the Rademacher complexity of the tensor decomposition model
in LRTC-ENR. When 0 < g < 1, we have

, ar 12 Vel +logek d ¢(”
Riq(F) Sili% oln + log(ck)) Z de

74_7
Jial el =

_inf 4t 12 | e(n+ log (ek)) Z

(J)) \/\m .
74,7 T2—¢q
>0 /19] 19| = V5 r

. 4t 12 | e(n+ log (ek)) dgba(j) 2 —q 22 229
| Z( % ) (e =)

Jj=1

1] 19

d (4)
4e 12 | e(n+ log (ek)) dooyg 2—q 2-2q
<+ = E ( > (2—2(] (eV/|9]) 2=a

Jj=1

| (n+log(ek))(2 — q)(e |Q|)%?Zd:<d¢agj>>u

<
~ 9 q(2 —2q)? S\ v

¢ | (nt log(ek))(2 — a0 T ¢ (dméﬂ")“

1] q(2 - 29)° =\ e
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where ¢ is a suitable numerical constant.

When g > 1, we have

<i 2(¢—1)/q
Rio(F) < ir;% enk log(2nk) Z e

74_7
Viel el s =

d (5) £y/19]
12 d
= inf AT + — | enk2(a=D/alog(2nk Z ( 9o > / e lde
j=1 T

4t 12 peViQl <d¢a q(3)> de

=0\ /|Q] 19]

(36)
d @)\ 2
. 47 12 doa e/ |9
< inf + — | enk2(a=D/a]log(2nk) 1 log
o0\ Q] 710 ; Vj T
d d d(ba ’
Sﬁ nk2(a—1/4q]og(2nk) Z < 1 ) log |9,
j=1
where ¢ is a suitable numerical constant.
Note that
Rig(l o F) <neRyq|(F), (37)

where 1y is the Lipschitz constant of function ¢. In this work, ¢ is the square loss, which means 7, = 4e.
Finally, integrating (BH), (B8), and (84) with Lemma B and renaming the constants, we get the desired
results.

D.8 Proof of Corollary [

t
@)
Proof. In Theorem B, letting 6 = Zd <d¢ < ) , we have

=1\ ey
d:ydfl t g
0 < ( — ) 2 (38)
J=1
where t = 2 or t = 2¢/(2 — ¢q). Recall that in the proof for Theorem M, the equality holds only when
Qi1 = o = ... ouq = | M|V, for all i € [k]. Here we have o) = (Xiepw) @;)'/P. That means we can get
HXHSp/d only when agl) = aéz) =.. (d) ||X||1/d Then we have
dyt ' t/d
9<d( . 1%lls,,,- (39)

Now in Theorem B, we have

1\ 2
\C;ZT nk2(a=1/4log(2nk)d (—) [EEARE if g>1
Bg <
"7 e Jwogene-qpa =t | (a2 e g .
0] -20)" : %1, if0<q<

Letting ¢ = pd, we arrive at

2
IC;ZT k2(pd—1)/pd 10g(2nk)d< ) 1217 1og || if p>1/d
Br <
2 [ (ntlog(eh))(2—pd)? (dad—l )2”‘” CTD ) R0 B o< p<1/d
1 pd(2—2pd)?2 c S, p
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Now rename Np as the upper bound, we finish the proof. O

D.9 Proof of Theorem @
Proof. The following three lemmas will be used. Their proof are in Section H.
Lemma 6. For any z € R and 7 > 0 for, the following inequality holds

lzlls < 77221zl /l2llp + 712115, (40)

Lemma 7. Suppose the entries of N € R are drawn from N(0,0?) independently. Then the following
inequality holds with probability at least 1 — 2n~¢

[Nz < 2v20+/dnlog(5d) + dlog(n).

Lemma 8. Suppose the entries of N' € R™* are drawn from N(0,0?) independently. Then the following
inequality holds with probability at least 1 — 2n~¢

IV loe < 201/dlog(n).

Let X, € be the optimal solution of (IM). We have
ID-X €|} <|D-x" - &3 (41)
Since D = X* + N™* + £*, we obtain
X"+ N* + € = X — E|F < N3 (42)

It follows that
J - X3+ 1€ - £
<—2X - XN — 20X — X, E - E)—2E —E N (43)
<2 2" — |, [Nl + 21" — Elly (127 — Xl + [l ) -

Using Lemma B, we obtain

X' — X < PPXF - X X —Xx|P L=p) % _ X7
[ sz <7 77 I7q/ll s +7 "l [ 44)

<r ") X" - X||pV2RE + 27 T RY

and
|67~ &l <ry "€~ Ellp/lIE" ~ &l + 7 1€ - €]l
(45)
<y P2\ E* — €| p\/2RY +2r) ' RY
which hold for any 7, > 0 and 75 > 0. Substituting (£4) and (g3) into (£3), we have
17— &[5 + €~ &}
<27 "PVRRLN [o]| X - X
(46)

+ 2, " P\ 2RY (| = Hlloo + IV ) €7 = &l
4TS PREN o+ 47 RE (1 = Xl + I )
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For convenience, let

u=|X* - X|p
v=|E*—E|r
1 =277 "2 \/2RE |\ N2

e = 2r;7 2\ 2Ry (12" = & oo + V")

cs = 4 PRE|IN 2 +47'21_p/R€/ (||X* — X+ ||N*||<>0)
20> | X = X

B2 Nl

v = IVl

We rewrite (E0) as
u? 4+ 0?2 <ciu + cov + c3
<(c1 +c2)(u+v)+cs

<(c1 + e2)V2(u? + v2) + cs.

Because c3 > 0, the quadratic inequality of v/u? + v2? has non-empty solution. We have

max (07 \/Q(Cl + C2) - \/2(61 + 02)2 + 463> < \/m < \/ﬁ(cl + 02) + \/22(01 + 62)2 + 463.

2

Let 71 = v and 7o = 2a + 5. We have
Vi £ <29' 8 RE 1 2(20+ B 5 \[RY
+ 2\/(715 RL+ (20 +B)—% \/RT’)2 +~2-PRY + (200 + )27 RY
<291~ V/RE 4 220 + B)F\/RY 422 <~yl’5 RE + (2004 B)'~ \/RT’>
=(2+2V2) ( “EVRE + (20 + ) "’2\/71;)

It follows that
u? + v? <(12+8f< “5VRY 4+ (2a+f) ‘%\/ p)

<(24 + 16/2) (72*”1%1’ (2a + B)> 7' RP )

Using Lemma @ and Lemma B for v and 3 respectively, we have
Jx = X%+ € — £
2—p 2—p"
<(24 +16V/2) ((Qﬂa\/dn log(5d) + dlog(n)) RP + (Qa + 20\/dlog(n)> R )

with probability at least 1 — 4n~¢. This finished the proof.
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E Proof of the lemmas

E.1 Proof of Lemma

Before proof, we restate Lemma 4.1 of (Hinrichs_efall, 2017) here.

Lemma 9 (Lemma 4.1 of (Hinrichs'ef all, 2017)). Deﬁne Vi ={UeR™ . U'U =1, k,n €N, k <n}.

Let 0 <e< 1. Then
" ¢\ k(n—(k+1)/2)
N - llop ) < (2) :
where ¢ > 0 is a universal constant.

Proof. Let X =C x1 XM x5 -+ xg X@ be the orthogonal CP (or Tucker equivalently) decomposition
of X € S 2, where C is super- dlagonal We have [|C[|g; = [|diag(C)||2 < 1. Then the covering number
of C with respectlve to || - [|sx is equal to the covering number of diag(C) with respect to || - [|2, i.e.,

Ne| < (36_1)k. According to Lemma B, the covering number of X ) with respect to || - ||, satisfies
Nxa| < (Céfl)k(ni(kﬂ)m)7 j € [d]. We have

1% — Xlgz =IIC x1 XD xz - xa XD €y XM sy 5y XD gy
:HCXlX(l) Xo o xg XD £Cx; XU xyooxy XD
+Cx; XM xg o xg g XD 5, X(@
EC X XD Xy xg g XD xy X @y XDy - ><d‘)z(d)HSzL

(a) _

<l x1 XM %yt xy (X(d) _X(d))”S2L
+HC X1 xWM Xog o+ Xq_1 (X(dil)—X(dil)) XdX ||SL
+- 4 ](€=C) xy XW 5, X@ .0, XdX(d)HS2J-

)l XDl [ XED | XD — XD,
€l 1X D lop -+ | XD — XD, | XD,
+o € = Cllss XD opl X Plop - X V|0 | X Dl
=lCls; X @ = X D)o, + €] XY = XV +
+Clls 1X Y = XWllop + [IC — Cll s
Note that (a) holds owing to the triangle inequality of norms and (b) holds because the inequality ||AB||s, <

|Allopl|Bl|s, (Bhafia, PU13) can be easily extended to orthogonally decomposable tensors. Now let [[C —
C’||S2¢ <e/(d+1),and | XU — XU, <e/(d+1), j € [d]. We arrive at

€ €
XX L <e
| ”5**d+1+d+1+ tari=e

Then the covering number of 85’5‘ 5 can be bounded as

3(d+ D\* & /e(d+ 1)) Fn—(kt1)/2)
NSl lsp o < (R T (44D

€ i1 €
S(dw+n)“m(“”“”ﬁ
€
where ¢’ is a universal constant. This finished the proof. O
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E.2 Proof of Lemma 2

Proof. For convenience, we define

~

W) = o Pa(D ~ X)F, (%) = D~ X}

[
According to the following lemma

Lemma 10 ((Hoeffding inequality for sampling without replacement). Let X1, X5, ..., X s be a set of samples
taken without replacement from a distribution {x1,xs,...,on} of mean u and variance 0. Denote a =

min; x; and b = max; x;. Then

: "
g )iZlX -~ >t} = 2exp <_(1_ = f);N)(b—aP)'

we have

) 2
P [|h —hl > t} < 2exp <(1 - (£§||Sz|t1)/nd)<2) ’

where ¢ = 4¢2. Using union bound for all X € S yields

2|22
< 2|S|exp <— (1— (o - 1)/nd)<2) '

P [sup (X) = h(X)| >t
XeS

Or equivalently, with probability at least 1 — 2n=¢,

2 d
- - ¢*log (IS|n?) /1 1 1
- < =" = .
sup |h(X) h(X)_\/ 5 Q) nd+nd|Q|

XeS

Then we have

9(2) £ sup [h(X) - h(X)]
Xes

2(d1 tlogls) (& - L4
~ Ogn Og |Q| nd nd|Q| .

Since |v/u — v/v| < y/|u — v| holds for any non-negative u and v, we have
sup

o - 5

Recall that € > | X — X||r > ||P(X — X)||F, we have

‘\/W \/@\ = \/%\vaxup— 1D~ &|r| <
‘\/@ \/@‘ = \/19—|]||7>9(DX)IIF - ||7>Q(Df;‘r)||pl < \/%
Vi) - i)

and

It follows that

< g i - i

f+\ﬁ+—
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Using the definition of ¢g(€2) and letting ¢ = 3d, we have
sup

sup /i) - M\

1/4
1 1 1
1 1 —
vl ( (dOg”+°g"9')(|ﬂ| nd+nd|ﬂ|>)

2¢ 492 dlogn + log|B|) 1/4
€ EETTo T .

E.3 Proof of Lemma 3

Proof. Case (a) can be easily obtained by transforming the entropy number result of the special case p =
u = r = 2 (we have exchanged p and ¢) of Theorem 13 in (Mayer & Ullrich, 20Z1) to covering number.
Specifically, let

)

1/q—-1/2 1/q—1/2
e < ¢4 <log(ekz7/7n) + n) < (1og(ek:) + n)
where ¢, is a constant depending only on ¢ and ¢, = O(1/q). It follows that

2¢/(2—q)
1 < (n+ log(ek)) ( )

Then the covering number is bounded as

2¢/(2—q)
) log 2

n, C
og N'(By 5, | - |+ €) <(n + log(ek)) (-
=cl,(n + log(ek))e 29/ (=9,
where ¢;, = O(1/q).

Case (b) is a special case of Lemma 3 2 of (Bartletf ef all, 2OT7). Namely, in the lemma, 1etting X be an
identity matrix and p = ¢ = 2 and 1 —|— < = 1, renaming the variables, we have log/\/(82 ol lFse) <
[nk2(a=D/ae=2] log(2nk).

E.4 Proof of Lemma B
Proof. Let S = {i: z > 7}. We have

Zq
Izl = llzsll, + Y 2 < \/\SIIIZHQMZ? (52)

i¢s i¢s

Since i <1land 0 <p<1, we have
T

Zi\ P _
2l < VSTl + 30 (2 < VISl + 21 63)

i¢s
On the other hand, we have
S|P <Y 2 < =l (54)
i€S
Combining (53) and (b4), we arrive at
Izl < 7772 || zll20/I12I15 + 77|25 (55)
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E.5 Proof of Lemmald

This is a special case of Corollary 2 in Tomioka & Suzuki (2014).

E.6 Proof of Lemma 8

Proof. The Chernof bound of Gaussian distribution indicates

]P)H'A/jlj?"jd| > t] < 267;7) (jlija cee vjd) € [n] X [n] e X [TL]

Using Boole’s inequality (union bound), we obtain

P U |N}1j2"‘jd‘ 2t = Z P [I'/\/.'jljz"'jd| 2 t] :

(jlf.jZa“wjd) (jl»ij'wjd)

It follows that |
PNV |lso < 1] > 1 — 2n92e 202

Let t = /202 1og(n??). Then
P [||Af||oo < 2m/dlog(n)} >1- 21,
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